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Abstract 
In this work, we develop a low-actuation-voltage microelectromechanical digital-to-analog converter (M-DAC) 
device integrated with a mirror platform.  The suspensions of the proposed M-DAC are fabricated with parylene-C 
for reducing the device stiffness, while the mirror structure is made by single-crystal silicon for better flatness.  The 
M-DAC device serves as a reference mirror with precise nanoscale step motion for a white-light interferometry 
system.  Measured displacement results of the M-DAC device are presented.  The typical actuation voltage is about 
10V, which is less than one half of the lowest M-DAC actuation voltages which have been reported.  The non-contact 
surface profiling results by a white-light interferometry system integrated with the M-DAC are also demonstrated. 
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Recently, MEMS digital-to-analog converters (M-DAC) have been proposed for various applications.  
The M-DAC devices, which are analogous to the electrical DAC counter-part, provide highly repeatable 
and accurate displacements without the need of feed-back control circuits.  In [1][2], M-DAC devices 
realized by SOI/DRIE processes were proposed to generate in-plane displacements.  Surface-
micromachined M-DAC devices were developed for actuating micro mirror/grating platforms in out-of-
plane motion [3].  The potential applications include tunable external cavity diode lasers or variable 
optical attenuators.  The common issue of the aforementioned works is that the actuation voltages are 
greater than 30 volts.  For some cases, the required voltages are even greater 100 volts. 
In this work, we propose an M-DAC device of which the springs are fabricated with parylene-C, 
while other components, such as actuation electrodes and mirror platform, are monolithically realized 
with silicon.  Because the Young’s modulus of parylene-C is much smaller than that of silicon, the 
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proposed device requires much less actuation voltages.  Also, it is demonstrated that the device serves as 
the mirror platform for a non-contact surface profiling system.   
2. Design of M-DAC 
Fig. 1(a) shows the schematic of the proposed 3-bit M-DAC device.  This device consists of an out-
of-plane movable mirror platform, 3 pairs of parallel-plate capacitive microactuators, 3 pairs of 
connection springs, and 2 pairs of platform suspensions, as shown in Fig. 1(a).  The movable electrode is 
supported by two electrode suspensions.  With zero applied voltage between the two electrodes, the 
actuator is at the suspended state (i.e., the gap between the two electrodes is g). With an applied voltage 
greater than the pull-in voltage, the movable electrode is pulled down onto the electrode, and the actuator 
is at the contact state.  
  
Fig. 1  (a) The schematic of the M-DAC device for out-of-plane motion, (b) The schematic of the M-DAC lumped-element model. 
 
Fig. 1(b) shows the schematic of the M-DAC lumped-element model. The spring constants of these 
springs are specially designed so that the displacement of movable platform is discretized based on the 
input control codes.  An analog output can be generated by the combination of the bits actuated by the 
parallel-plate actuators.  The displacement of the mirror platform in the N-bit device is given by [3] 
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where kkk N 12,,2,   are the spring constants of the connection springs between the mirror platform and 
the parallel-plate actuators, and kp is the spring constant of the platform suspension.  The gap spacing g  
is also the actuator’s displacement once it is actuated.  bi is the binary control bit (0 is at suspended state, 
and 1 is at contact state), and Ni ,2,1 . 
For the connection springs, the meandering spring design is employed.  The meandering spring 
constant in the out-of-plane direction can be estimated as [4]: 
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(2) 
where the structure thickness t is 10 Pm, the beam width w is 20 Pm, Young’s modulus E is 4 GPa, the 
shear modulus G is 1.43 GPa, the moment of inertia Ix is wt3/12(um4), and the torsion constant J is 
0.229wt3(um4).  Note that the platform suspensions kp are designed to be the same as the connection 
spring.  Finally, the displacement of the platform can be obtained from (1).   
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3. Fabrication and assembly 
The fabrication process is shown in Fig. 2.  The device is composed of a platform layer and an 
electrode layer.  For the platform layer, the actuators are defined and etched by ICP-DRIE silicon etching 
(20 um), as shown in Fig. 2(a)-(b).  Then, parylene-C (10 um) is deposited (Fig. 2(c)).  A Cr/Au layer is 
deposited and patterned as the etching mask for RIE etching of parylene-C (Fig. 2(d)-(f)).  Finally, the 
silicon is etched (HNO3:H2O:NH4F) to form the platform and the actuators (Fig. 2(g)).  Another Cr/Au 
layer is deposited for increasing the electrode conductivity and mirror reflectivity (Fig. 2(h)).  For the 
electrode layer, the glass substrate is etched using HF/HCl to form the gap spacing with photoresist as 
etching mask (Fig. 2(i)-(j)).  Then, the Cr/Au electrodes are patterned (Fig. 2(k)).  A parylene-C layer is 
deposited as an insulation layer (Fig. 2(l)) and a hole is drilled to expose the mirror surface (Fig. 2(m)).  
Finally, the platform layer is assembled to the electrode layer (Fig. 2(n)).  Fig. 3(a) shows the fabricated 
device was wire-bonded on a PCB.  Fig. 4 shows the SEM pictures of the platform layer and actuators. 
 
Fig. 2.  The fabrication process of the M-DAC device 
  
Fig. 3. (a) The picture of the SWLI system, and (b) The picture of the assembled M-DAC device. 
 
4. Measurement and discussion 
The displacement of the mirror platform with respect to different digital control codes is measured 
by a laser Doppler vibrometer.  For the contact state, a driving voltage of 12 V is applied to ensure the 
movable electrode fully contacts on the fixed electrode.  Fig. 5(a) shows the measured displacement of 
the 3-bit M-DAC device as a function of input control codes.  It is observed that the displacement 
increases linearly with the input binary code.  The measured full-scale displacement is about 504 nm, and 
the motion step is 80 nm.  Fig. 3(b) is the picture of the optical surface profiling system on which the M-
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DAC device is installed.  The details of the system can be found in [5]. Fig. 5(b) shows the measured 
shape of a grating structure by using the optical surface profiling system.  The grating structure was 
fabricated by etching a silicon substrate with RIE.  During the measuring process, the input binary codes 
from “000” to “111” are applied to the M-DAC device in sequence, and the images of different phases are 
acquired.   
  
Fig. 4.  The SEM pictures of the fabricated device: (a) The movable mirror platform, (b) The electrostatic actuator and connection 
springs. 
  
Fig. 5. (a) The simulated and measured results of the M-DAC  for out-of-plane motion, (b) The measured results of a grating 
structure. 
 
5. Conclusions 
In this work, we develop a low-actuation-voltage M-DAC device integrated with a mirror platform. 
For reducing the device stiffness, we propose an M-DAC device of which the springs are fabricated with 
parylene-C.  The mirror structure is made by single-crystal silicon for better flatness. The typical 
actuation voltage is 10V.  The measured displacement is about 504 nm, and the motion step is about 80 
nm.  The result using a surface-profiling system installed with the M-DAC was also demonstrated. 
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